The English-language dictionary defines wrinkles as ''small furrows, ridges, or creases on a normally smooth surface, caused by crumpling, folding, or shrinking''. In this paper we review the scientific aspects of wrinkling and the related phenomenon of buckling. Specifically, we discuss how and why wrinkles/buckles form in various materials. We also describe several examples from everyday life, which demonstrate that wrinkling or buckling is indeed a commonplace phenomenon that spans a multitude of length scales. We will emphasize that wrinkling is not always a frustrating feature (e.g., wrinkles in human skin), as it can help to assemble new structures, understand important physical phenomena, and even assist in characterizing chief material properties.
Introduction
The invention of the Internet has changed the way we live, communicate, and gather or exchange information. It has also brought some annoying elements, such as spam e-mail. Each of us regularly receives many unsolicited messages and a few of those that pop up in our mailboxes frequently inform us about new ways of removing skin wrinkles. It is not the intention of the authors to persuade readers to buy such wrinkle removers. Instead, we will use wrinkles in human skin as a starting point for our discussion of an interesting material phenomenon: the wrinkling or buckling of thin sheets.{
The skin is the heaviest organ in our body; it constitutes about 16% of the body weight. It comprises three layers: a thin epidermis that resides on top of a thick dermis, which, in turn, rests on top of the hypodermis. 1 For the sake of simplification, we ignore the hypodermis layer in our discussion. Ranging from 50-100 mm in thickness, the epidermis consists of two main components: a dead cell layer, called stratum corneum (thickness # 20 mm), and living epidermis made of keratinizing epithelial cells. The dermis (thickness # 1-3 mm, depending on location) is composed primarily of collagen and elastin fibers that are surrounded by a viscous environment comprising glycoproteins and water. Wrinkles or folds appear when skin is deformed due to muscle contraction or some outside mechanical deformation; they disappear after the deformation is removed. Extensive research carried out over the past two decades has established that during the ageing process both the structure and the mechanical properties of skin are modified. [2] [3] [4] [5] [6] [7] As a result, folds or wrinkles are thin and numerous in young skin and wider and few in aged skin. This behavior is closely connected to reduced elasticity/extensibility of skin with ageing leading to an increase in the elastic modulus (typically 0.2-3 MPa) of the skin by about 30%. 8 One may ask: Can this behavior be reversed or at least slowed down? Clinical studies reveal that when treated with an efficient cosmetic product, the upper part of the epidermis, the stratum corneum, is hydrated, which results in lowering the amplitude of the wrinkles and an ultimate increase in their population. 9 Even these few facts and the rather general description of human skin as a two-layer composite tell that it is the mismatch between the elastic properties of epidermis and dermis and their relative thicknesses that give us a hint about what parameters may control the formation and physical appearance of wrinkles. In this paper we will demonstrate that wrinkles seen commonly in human skin represent only a small subset of an interesting material phenomenon with a rather broad scope. We commence with providing a basic physical insight into why and how wrinkles form and then review a few current theoretical approaches aimed at understanding wrinkle formation in different materials and geometries. We examine several case studies pertaining to wrinkles in two-layer systems comprising rigid sheets resting on elastic or viscoelastic foundations and conclude by discussing a few applications, whose functionality depends crucially on the presence of wrinkles. We will also demonstrate that wrinkles can be used in materials assembly and in some situations also facilitate measurement of material properties that would be very difficult to access otherwise.
How do wrinkles/buckles form?
Let us start with a historical note on aviation, so ''buckle up''. Serious development of theories of wrinkling was associated with extensive use of sandwich panels in aerospace engineering. During World War II the de Havilland ''Mosquito'' aircraft was widely used as a bomber by the allied forces. 10 One of the key innovations in the design of this lightweight and agile aircraft was the construction of wings made of sandwich panels. The core of the wings consisted of soft and lightweight balsa wood, whereas the exterior was a skin made of much stiffer plywood. 10 Such a sandwich panel provided a high flexural stiffness when compared to its weight.{ Other, more recent examples of a sandwich construction that are widely used in aerospace and marine engineering consist of a core of cross-linked polymer foam (polyvinylchloride), AIREX, or a balsa-based material BALTEK 2 and a skin made of, for instance, glass, fiber-polyester composite (''modern sandwich '' 11 ). Albeit a very successful construction, the sandwich suffers from an obvious Achilles heel: Buckling. If a compressive force exerted on the skin-side of the composite (this can be achieved, for instance, during bending on the compressive side of the sandwich) exceeds a critical value, irreversible damage can occur and the construction may lose its rigidity.
In order to understand the underlying principles leading to the formation of buckles/wrinkles, we invoke a simple model that has been used in the past half a decade to describe the mechanical behavior of a thin film resting on top of a soft elastic foundation. [12] [13] [14] [15] [16] [17] To start, consider a film (''skin''), having a thickness h and width w, which is adhered strongly to an infinitely thick elastic foundation (see Fig. 1 ). Neglecting any shear stress between the skin and the foundation and considering only the elastic modulus and the Poisson ratio of the skin and the foundation E s , n s , and E f , n f , respectively, the compressive force in the skin is given by:
where h and E s are the thickness and elastic modulus, respectively, of the epidermis and H f and E f are the thickness and elastic modulus, respectively, of the dermis. Given the fact that the dermis is typically ten times thicker than epidermis and considering that E s /E f # 1000, a value typical for human skin, one obtains l y H f . This result reveals that wrinkles likely develop in places with an excess of skin. It also explains why it is unlikely to see wrinkles in eye lids, whose skin thickness is only y0.2 mm, hence about 10 times thinner than on other parts of the human body. We can also understand how cosmetic treatment via various skin moisturizers leads to reduction of wrinkling. Those products contain several ingredients (i.e., hydroxy acids) that help to remove old skin (i.e., damaged proteins), and supply new nutritional products that help to increase the delivery of collagen and elastin to the damaged areas in the epidermis. In some instances, the unhealthy top portion of skin can also be removed by so-called microdermabrasion, 22 a process in which rough parts of the upper skin (stratum corneum) are buffed away using small crystals, e.g., aluminium oxide, sodium chloride or sodium bicarbonate. The body reacts to this treatment by replacing the removed skin with new and healthy cells. Both processes contribute to ''softening'' the skin and hence lowering E s . It has to be stressed that the story of skin wrinkling is actually a bit more complicated. As discussed by Cerda and Mahadevan, skin wrinkling also depends crucially on the geometric constrains imposed on system and the directions of the acting stresses. 20 In regions where the skin drapes a bone, any tension or compression may lead to wrinkles. For example, such wrinkles readily develop around people's eyes as they age (so-called '' crow's feet'' 23 ).
Beyond the human skin
Skin wrinkling discussed above is just one of many examples of phenomena found in nature that involve formation of wrinkles or buckles. Consider for example some fruits, such as apples or plums, products that comprise a thin skin surrounding a soft interior made of water, proteins, lipids, carbohydrates, organic acids, fiber, and some minerals. When fruit dries, water is removed from the fruit, the volume of the soft part of the fruits decreases and as a result, the skin shrinks, giving rise to wrinkles. Prunes (i.e., dried plums) demonstrate this phenomenon nicely. Examples of wrinkles can also be found in the epidermal ridges, our fingerprints, which are known to start developing at the tenth week of pregnancy as small undulations at the interface between dermis and the bottom part of the epidermis (so-called basal layer). These so-called primary ridges continue to develop for about two more months. 24, 25 On a completely different length scale, in geology, hierarchical folding patterns resembling wrinkles 26, 27 are also well known, albeit still not completely understood. Table 1 summarizes a few selected examples of wrinkling; in all cases wrinkles form when a compressive force acts on a rigid skin that rests on a softer foundation. What is striking is the universality of the wrinkling phenomenon with length scales spanning many orders of magnitude. Let us also mention a closely related phenomenon: Buckling of rods coupled to an elastic foundation. Perhaps the most Fig. 2 Buckle period (l) as a function of the skin thickness (h) and the ratio of the skin and foundation moduli (E s /E f ) evaluated using eqn (2) . For simplicity, we consider the Poisson ratios of the skin and the foundation to be equal.
notorious example here includes bucking on train rails that are subject to thermal expansion in hot summer months. It results from the mismatch between the thermal expansion of metallic rails and the soil, a less rapidly expanding foundation. The soil suppresses large wavelengths, so the wavelength of the buckle in the rails (a few times the width of an express train) will be determined by a compromise between the flexural rigidity of the track, and the mechanical properties of the soil. Similar phenomenon can be observed on a much smaller length scale in carbon nanotubes (CNT). Cox and coworkers 28 have determined the flexural rigidity of CNT by studying their buckling behavior in epoxy matrices that served as elastic foundations. This work was based on much earlier work by Rosen et al. 29 who studied a similar phenomenon for (much thicker) glass fibers embedded in epoxy. One final example we mention here comes from the field of biomechanics. Lordosis, an increased curvature of the normally curved lumbar spine, can also be viewed as an example of rod-buckling in an elastic foundation. Lordosis occurs in humans but more frequently in fish, where the chorda (or spine) is observed to have a local curvature. The wavelength of such a curved chorda is a compromise between the elastic properties of muscular tissue and the flexural rigidity of the chorda. In Table 2 we list selected example of rod buckling in elastic foundations.
Some outstanding issues in wrinkling/buckling
Although wrinkling in thin sheets has been studied for the past several decades, our understanding of this phenomenon is still far from complete. There are at least three major reasons for this. First, the morphology of buckles or wrinkles depends on the direction of the force acting on the foundation. For example, wrinkling in fruits occurs typically at random ''in plane'' because the foundation shrinks homogeneously. Multidirectional stresses acting on the sample and resulting in complex wrinkle morphologies are still rather difficult to fully comprehend, characterize, and ultimately utilize. In spite of that, models have been developed recently that aimed to understand ''homogeneous'' in-plane wrinkling and comparison with experimental work has been attempted. 18 Mahadevan and Rica presented an elegant theory that explains the formation of Miura-ori patterns. 30 By considering biaxial compression of thin rigid skin resting on top of an elastic foundation, the researchers demonstrated that patterns such as Miura-ori form in a two-step process, where buckles having a wavelength given by eqn (2) form initially without any in-plane orientation. Deformations of these buckles due to compression (along buckles) or extension (perpendicular to buckles) engrave the observed zigzag pattern orientation. The second major limitation stems from the fact that the simple theories of wrinkling or buckling, including the one briefly outlined earlier, assume that the skin is much stiffer than the foundation, which is assumed to be completely elastic. While this may be the case in some examples published in the literature (some of them will also be reviewed later in the text), in other instances, the skin is not always much stiffer than the foundation layer. Moreover, in many instances the foundation itself is viscoelastic rather than elastic. The third caveat is related to the internal structure of the buckling material. So far, we have only considered buckling in bilayer systems comprising a thin and stiff sheet lying on top of the soft thick foundation; the interface between the two layers without any initial strain was considered to be completely flat. In real situations, the structure is likely much more complex. For instance, it is known that the interface between the epidermis and dermis in human skin is not completely flat and smooth. 7 Indeed, recent computer simulation work suggests that a threelayer model is needed in order to adequately explain clinical observations of skin wrinkling. 7 In the sections that follow we will summarize several recent experiments pertaining to wrinkling of stiff skins attached to elastic and viscoelastic foundations. The skins were either formed by physically densifying the topmost part of the substrate by some physical treatment (plasma, ultraviolet/ ozone treatment) or by depositing a thin layer of metal. The examples we will discuss will also illustrate how the wrinkle/ buckle morphologies on the substrate can be tailored by using: (1) 3D topographical structures present on the foundation prior to the deposition of skin, (2) mechanical deformation of wrinkled substrates, and (3) guiding the buckle orientation by pressing a non-planar mold against the skin during the buckle formation. Finally, we outline examples of a few applications, whose functionality is derived from the presence of wrinkles/ buckles in sheets.
Wrinkling in rigid sheets on elastic foundations
We start by considering wrinkles of rigid sheets attached to elastic foundations. Virtually all work reported to date utilized a two-layer system comprising a thick foundation made of poly(dimethylsiloxane) (PDMS), a highly elastic material having the Young's modulus of y1 MPa, 31 decorated with a thin rigid layer made of either metal or a silicon oxide. Bowden and coworkers reported several strategies of forming wrinkles/buckles on top of PDMS. One of them 32 involved increasing the volume of the PDMS block by heating, exposing it to oxygen plasma for controlled periods of time, and finally cooling the sample down to room temperature. The plasma oxidation converted the topmost part of the PDMS into a silica-like layer. The wavelength and the amplitude of the wrinkles increased with increasing plasma treatment time (see Fig. 3 ). This behavior was caused by increasing the thickness and/or the Young's modulus of the silica-like layer. Bowden and coworkers also reported that the buckle wavelength (l) was independent of the magnitude of the compressive stress, regulated by pre-heating the PDMS block to various temperatures. These findings are in accord with the predictions of eqn (2), which indicates that l is independent of D. In the same paper, the researchers showed that while wrinkles were generally disordered in plane when formed on a flat PDMS sheet (see Fig. 4a ), they oriented when generated on PDMS substrates comprising 3D posts. Specifically, at the posts in PDMS substrate, the stress perpendicular to the post was relieved by expansion, causing the wrinkles to orient in the direction perpendicular to the post (see Fig. 4b ). Further tailoring of the wrinkle characteristics was achieved by varying the distance between the posts in the PDMS foundation. In a subsequent paper, Chua and coworkers reported on the formation of complex surface structures with tailored sizes created by exposing PDMS substrates with holes (rather than protrusions) to oxygen plasma. 33 These morphologies were associated with the disruption of equibiaxial stresses (present in planar PDMS samples) during the plasma treatment of PDMS (see Fig. 5 ). Several groups studied the formation of buckled structures on elastomeric foundations by vapor deposition of thin metal films onto thick PDMS substrates. One of the earliest experiments was reported by Martin and coworkers, who observed that after evaporating aluminium onto a liquid nitrogen-cooled PDMS substrate and raising the temperature, the sample surface was decorated with fine metallic folds. 34 While no specific comments were provided in the original paper onto this phenomenon, one may speculate that the topological pattern observed by Martin and coworkers was related to the formation of wrinkled surface due to the expansion of PDMS when it was heated up back to the room temperature. Bowden and coworkers prepared buckles by depositing thin layers of gold onto thick PDMS at elevated temperatures. 35 Subsequent cooling of the substrate developed compressive stresses in the specimens that were relieved via the formation of buckles having periodicity of 20-50 mm (see Fig. 4 ). While wrinkles generated on flat PDMS sheets were organized randomly in plane (see Fig. 4d ), they formed oriented morphologies extending over large areas ( Fig. 4e and 4f) when deposited on PDMS substrates containing 3D protrusions. Bowden et al. also observed the formation of a herringbone buckling pattern on samples formed by evaporating a thin layer of gold onto a thick PDMS foundation prepatterned with a circular depression (see Fig. 6 ). Chen and Hutchinson have recently provided detailed analysis of the mechanism leading to the herringbone patterns. 36 They have shown that such a pattern is associated with the lowest average elastic energy of the skin/foundation bilayer for skins stressed well beyond the critical stress. The researchers were, however, unable to address the mechanism leading to the formation of such a pattern. Huck and coworkers extended the work of Bowden et al. by first stiffening selected areas on the substrate via crosslinking and subsequent metal deposition at elevated temperatures. 37 After cooling the sample, the surface exhibited a complex arrangement of buckled structures. Specifically, while the buckles were found to be aligned perpendicular to the boundaries between the strips on pre-crosslinked areas on the sample, they oriented parallel to the boundaries on the ''bare'' PDMS loci (see Fig. 7 ). Another very recent example of modulating wrinkling patterns in thin sheets has been presented by Ohzono and coworkers, who deposited thin films of platinum onto hexagonally organized arrays of holes in PDMS 38 and showed that the directional order of buckles was induced by the underlying substrate when the periodicity of the substrate pattern matched the intrinsic wavelength of the wrinkles (see Fig. 8 ). Ozhono and coworkers also studied response of wrinkles to applied stress. 39 They first evaporated a thin film of platinum onto a thick PDMS slab, which resulted in a disordered array of wrinkles (see Fig. 9 ). By applying a small uniaxial stress to the samples, they showed that the wrinkles aligned perpendicularly to the direction of the stress; only 7% strain was needed to achieve almost perfect wrinkle alignment. Ozhono et al. determined that ordered domains of wrinkles grew via rearrangement of the stripe orientation of neighbors, merged with one another, and finally covered a large area on the surface. Upon releasing the stress, the wrinkles returned to their original disordered morphology, albeit with a small hysteresis (see Fig. 9 ). In a subsequent publication, Ohzono et al. were able to reproduce their earlier experimental observations using a computer simulation models. 40, 41 Their study confirmed that the strong memory of the initial wrinkling pattern was responsible for the recovery of the sample to the initial morphology after the strain, which was used to align the wrinkles, was removed.
In all the examples discussed thus far, the strain imposed on the PDMS foundation was relatively small, only a few percent. A question may arise: What will the buckled surface look like if much larger strains (and thus much larger compressive stresses) are involved? In addition, the oxygen plasma treatment of PDMS typically leads to silicon-oxide-like layers, whose thicknesses are on the order of a few tens to several hundreds of nanometres. 42 Based on eqn (2), producing thinner layers should lead to the formation of wrinkles with periodicities smaller than a few microns. Efimenko and coworkers recently reported on fabrication of wrinkles by uniaxially stretching PDMS network sheets (thickness y0.5 mm) in a custom-designed stretching apparatus 43 and exposing them to ultraviolet/ozone (UVO) radiation for extended periods of time (30-60 min) . 44 Previous studies established that the UVO treatment of PDMS converts the first y5 nm of the PDMS surface into a stiff skin, 45 whose
density is approximately half that of silica. 46 Optical microscopy and scanning force microscopy (SFM) experiments confirmed that the surfaces were originally flat in the presence of strain. After the UVO treatment, the strain was removed from the specimen and the skin buckled perpendicularly to the direction of the strain. A detailed analysis of the buckled surface with SFM and profilometry uncovered the presence of hierarchical buckling patterns (see Fig. 10 ). Buckles with smaller wavelengths (and amplitude) rested parallel to and within larger buckles, forming a nested structure. At least five distinct buckle generations (G) were detected with their wavelengths ranging from tens of nanometres to a fraction of a millimeter. Efimenko and coworkers also explained the mechanism leading to such hierarchical buckling patterns. Using experimentally measured values of E s /E f and h, they established that upon releasing the strain from the sample, the first generation buckles (G1) formed first. The composite of the wrinkled skin and the stretched substrate led to the formation of an ''effective skin'' that was thicker and much stiffer than the original skin. Further release of the applied strain led to additional effective compression; the composite skin buckled on a much larger length scale. The formation of higher generation buckles continued until the strain was completely removed from the substrate hence creating a hierarchical buckled pattern, where each buckle generation was a scaled-up version of the primary buckle. The self-similarity of the buckles was confirmed by utilizing the scaling prediction given by eqn (4) . By plotting the scaled experimental amplitude (A/D 1/2 ) as a function of l all data collapsed roughly on a single master curve (see Fig. 11 ).
Wrinkling in rigid sheets on viscoelastic foundations
So far our discussion has concentrated on wrinkling of rigid skins lying on top of elastic foundations. However, wrinkling can also occur in more complex systems, involving an elastic film on a viscous layer, [47] [48] [49] a solid film residing on top of a liquid base, 50 and others. In situations like these, the system can no longer be modeled using eqn (2) and a more complicated set of expressions has to be invoked, which may also contain time-dependent properties (e.g., modeling the characteristics of the viscous layer), [47] [48] [49] and interaction energies acting among the layers present in the system, 50 thus leading to complex phase diagrams. Dalnoki-Veress and coworkers reported on buckling that occurs in three layer systems comprising polystyrene (PS) sheets with various thicknesses sandwiched between two thin SiO x layers (thicknesses ranging from y18 to y30 nm). 51 The researchers showed that a simple model that invoked only interactions acting at the SiO x -air interfaces, and included elastic modulus of the capping layer and thicknesses of the PS and SiO x layers, was capable of describing the experimentally observed wrinkle wavelength. In order to test the effect of the dispersion forces in driving the wrinkle morphology, Dalnoki-Veress et al. also performed similar experiments with other symmetric three-layer systems, including SiO x -PMMA-SiO x , Au-PSAu, PS-PI-PS, and asymmetric systems, including Au-PSSiO x , SiO x -PS-(Si-H), PS-PI-(Si-H), where PMMA is poly(methylmethacrylate), PI is polyisoprene, and Si-H is hydrogen-terminated silicon. All systems exhibited the same wrinkled morphology upon annealing.
In a series of papers, Lee and coworkers reported on a systematic study of wrinkling in systems comprising thin metal skins residing on top of viscoelastic foundations. [52] [53] [54] The researchers thermally deposited aluminium films with various thicknesses onto PS substrates. Annealing the samples above the PS glass transition temperature (T g # 105 uC), followed by cooling the specimens down to room temperature led to the formation of wrinkles (see Fig. 12a ). The authors also showed that the directionality of the wrinkles can be adjusted by placing a patterned PDMS mold on top of the metal/PS bilayer. The strong conformal contact between the PDMS mold and the metal surface makes the edges of the pattern act as nodes, which dictate waves within the period of the mold pattern (see Fig. 12b and 12c) . The surface shapes were found to depend on the shape of the PDMS mold and the ''intrinsic'' wrinkle wavelength; the latter was obtained by balancing the bending energy of the metal layer and the deformation energy of the PS substrate. 52 In subsequent work, Yoo and Lee pointed out the similarity between the kinetics of wrinkle development in metal/polymer bilayers and that observed in spinodal decomposition in liquids. 55 They argued that because of the slow kinetics of stress-driven wrinkling in thin films, early stages of instability can be captured; this is in contrast to typical spinodal decomposition kinetics in liquid systems, whose early stages are rather hard to monitor because they take place very rapidly. In the same paper, Yoo and Lee reported on a two-stage process of wrinkle formation where upon completely covering the surface with wrinkles having a period l 1 , a new wrinkling wave appeared underneath the wrinkled surface; the wrinkle periodicity of the second wave l 2 was larger than l 1 . This behavior thus closely resembles the features reported in ref. 44 . In their subsequent work, Yoo and collaborators addressed the effect of the dispersion forces acting on the bilayer system and the role of relaxation in the polymer film. 56 They reported that while the dispersion forces do not play a significant role in wrinkling, relaxation in the polymer film appreciably affects the wrinkle pattern; the wrinkles change their topology from continuous wavy patterns to discrete worm-like islands.
In a related work, Okayasu and coworkers explored the formation of wrinkled patterns on thin films comprising aluminium layers deposited on PS substrates after heating the system to temperatures above the glass transition of PS (y80-100 uC, depending on the molecular weight). 57 The researchers reported that the minimum annealing temperature required for the buckling patterns to form depended on the thicknesses of aluminium capping layer (it increased slightly with increasing aluminium layer thickness), PS film thickness (it increased with decreasing PS film thickness), and PS molecular weight. Okayasu et al explained the formation of buckling patterns by invoking a simple model based on lateral stresses associated with the mismatch of the thermal expansion coefficients of the two layers. Very recently, Ozhono and Shimomura reported a study aiming at understanding how winkles formed on platinum layer-covered PDMS substrates respond to additional strain imposed on the wrinkled substrates. 58 Their study uncovered interesting features of the wrinkled topologies associated with dynamical control of the surface topographical patterns.
What are wrinkles good for, anyway?
Wrinkles always exist in rather extended numbers of replicas organized in periodic structures. To this end, wrinkles are not very unique as they constitute only a small subset of spontaneously formed periodic patterns and wavelets present in nature. [59] [60] [61] The periodic nature of wrinkles/buckles has recently led to the development of interesting applications. These include: diffraction gratings, pressure sensors, substrates to control the direction of cell growth, substrates to monitor the stress a cell places on a surface, stamps for microcontact printing, masks for lithography, channels with microstructured walls for microfluidic devices, or functional coatings. We thus conclude this paper with a brief overview of several applications that utilize wrinkling. Shapeable materials have long been considered as potential candidates for creating sensor skins, electro-textiles, conformal displays and electronic muscles. The flexibility of the elastomeric foundation provides the necessary deformable substrate required in some of the aforementioned applications. Lacour and coworkers reported on the formation of stretchable gold interconnects based on buckles in elastomeric substrates. [62] [63] [64] The researchers evaporated strips of metal comprising a thin layer of chromium followed by a thicker layer of gold via a shadow mask on PDMS substrate. This procedure led to the formation of buckles comprising alternating gold/PDMS strips. Conductance measurements performed as a function of the tensile strain (applied in the direction perpendicular to the buckles) on the sample revealed that the gold strips remained conductive up to 22% of strain. Cycling between stretched and unstretched states did not lead to any appreciable changes in conductivity. In a subsequent study, Wagner extended the previous work by evaporating gold electrodes onto PDMS films pre-stretched uniaxially by 15%. 65 Electrical resistance measurements revealed that the gold strips remained conductive on samples stretched up to 28% of their unstretched length. Watanabe and coworkers 66 prepared a wrinkled electrode via in situ deposition of polypyrrole onto uniaxially stretched polyurethane elastomer films. Electrode wrinkles formed upon releasing the strain from the film. Conductivity experiments revealed that the wrinkles enabled the electrode to elongate without appreciable decrease in conductivity. These experiments thus suggested that when properly engineered, systems comprising thin metal films or glassy conductive polymers residing on top of elastomeric substrates could be used as interconnects in skinlike flexible electronic circuits.
A very elegant application of wrinkling of rigid films on elastomeric substrates has recently been developed by researchers at the US National Institute of Standards and Technology. 67 Stafford and coworkers introduced a new measurement technique coined as strain-induced elastic buckling instability for mechanical measurements (SIEBIMM), which utilizes wrinkling in thin films to determine the modulus of the skin material. By placing a thin film of a given thickness (h) and unknown modulus (E s ) on top of an elastomeric foundation of known modulus (E f ) and by measuring the wrinkle wavelength (l) upon stretching the bilayer beyond the critical strain, E s can be determined from a rearranged form of eqn (2):
Stafford et al. also demonstrated that SEIBIMM can be utilized for quantitative screening of combinatorial libraries with spatially varying properties of the skin layer. Fig. 13a depicts an optical micrograph of a sample comprising a PS film with a gradient in thickness, h, ranging from 140 to 280 nm, which resides on top of a 2 mm thick PDMS sheet. Upon applying tensile strain to the sample, buckles developed that were oriented parallel to the direction of strain; the buckle periodicity increased with increasing thickness of the PS film (see Fig. 13a ). Precise determination of the buckle periodicity was accomplished by utilizing in situ small-angle scattering of a low-power HeNe laser. The data in Fig. 13b illustrate that l scales linearly with h, as predicted by eqn (2) . The PS modulus determined using eqn (6) was found to be constant over the entire range of PS film thickness and in agreement with reported bulk values. In the same publication, Stafford and coworkers illustrated the versatility of SIEBIMM by determining the modulus of plasticized PS films and modulus of porous organosilicate film. These few examples illustrate that SIEBIMM may become a very useful tool for rapid, systematic, and quantitative screening of the mechanical properties of thin films.
Early on, researches realized that the periodic nature of wrinkles can be exploited in a range of optical devices, most notably optical gratings. Bowden and coworkers fabricated a wrinkle-based diffraction grating; the angular displacement of the first order diffraction spot on the grating was found to be linearly proportional to the strain applied on the PDMS before plasma oxidation. 32 A very detailed account of wrinkle application in optical grating technology has recently been presented by Harrison and coworkers. 68 Using the PS/PDMS bilayer used in their previous work discussed above, 67 Harrison et al. demonstrated that the intensity of the diffraction peaks in small angle light scattering experiments can be tuned by three orders of magnitude while varying the strain imposed on the specimen by only 10%. Surfaces that possess topological features have long been recognized as potential templates that may assist assembly of various objects. For instance, a large body of literature exists that demonstrates undoubtedly the effect of surface topography on cell morphology on surfaces. 69 It has been shown that anisotropic topographic features on the surface induce cells to align and eventually move along the surface anisotropies, so-called contact guidance. 70 Previous examples illustrated various techniques that enable fabrication of wrinkled surfaces with controlled wrinkle orientation, size, depth, and chemistry. These features would make wrinkled/buckled topologies valuable candidates for material assembly. Efimenko and coworkers recently discussed one possible application that directly utilizes the hierarchical nature of the buckled structures: the separation of a mixture containing particles of various sizes. 44 An aqueous suspension of particles with three different sizes was pumped past the buckled surface (direction perpendicular to the buckles) at a constant flow rate; the particles separated on the substrate with the bigger particle residing predominantly in the valleys of buckles with larger periodicities, and smaller particle aligning along smaller buckles. 44 The mechanism of wrinkle formation outlined in ref. 44 has recently been utilized to align silica particles in situ. 71 PDMS sheet was stretched uniaxially and exposed to UVO treatment. The surface of the pre-stretched UVO-modified PDMS film was wetted with a small amount of aqueous solution containing silica particles (diameter y80 mm). Upon slowly removing the strain from the sample, wrinkles formed orthogonally to the strain direction. The wrinkles, in turn, forced the particles to align into long particle chains (see Fig. 14) .
As a final example, we discuss perhaps a slightly unusual application of wrinkled substrates-an efficient foul-release marine coating. Marine biofouling is a serious and complex problem resulting in losses of operating efficiency of ships. 72 Current coating technologies derived from copper-and tinbased compounds are being banned because of detrimental effects on the marine environment. 73 Hence there is need for developing efficient marine coatings that would possess no ecological concern. In addition to various chemical approaches, surface topography has also been shown to be important for mechanical defense against macrofouling on a larger scale, which may be hindered by certain surface structures, such as spicules. 74 For instance, HoipkemeirerWilson and coworkers reported that topographically corrugated surfaces are capable of reducing biofouling. 75 The degree to which fouling was reduced was found to depend on the dimensions of the geometrical protrusions as well as the chemistry of the surfaces. Because biofouling includes a very diverse range of various species, whose sizes span several orders of magnitude, one single topographical pattern will not likely perform as an effective antifouling surface. Rather, surface corrugations having multiple length scales acting in parallel should be used in designing a very effective antifouling surface. The hierarchically wrinkled (H-wrinkled) topographies described earlier in this review 44 may represent a convenient platform for designing such surfaces. In order to test this hypothesis, Efimenko et al. prepared a series of H-wrinkled substrates decorated with a thin semifluorinated monolayer and tested their fouling properties by immersing them into seawater for controlled periods of time. 76 Pictures of samples taken immediately after removing the specimens from the seawater indicated the presence of a considerable amount of adsorbed biomass on samples with flat geometries (see Fig. 15 , left panel). Significantly smaller fouling was seen on H-wrinkled specimens (see Fig. 15 , right panel). The difference between the two sample categories became even more noticeable after washing the specimens with a stream of water. While the flat PDMS samples remained fouled rather considerably, the surfaces of the H-wrinkled coatings cleaned up almost completely. While more work still needs to be done to fully understand this phenomenon, the initial observations suggest that the H-wrinkled coatings may represent a new and promising platform for fabricating efficient foul-release marine coatings. Let us for the last time return back to wrinkles in human skins. Why do skin wrinkles make so many people unhappy? The appearance of wrinkles in human skin is commonly Fig. 14 Ordering of silica particles in 2D geometries via in situ formation of buckles. Poly(dimethylsiloxane) substrates were stretched uniaxially, exposed to ultraviolet/ozone treatment for 90 min. Aqueous solution of silica particles (diameter y80 mm) was placed on the pre-stretched substrate (a) and the strain was slowly removed from the specimen. The particles started to orient in the direction perpendicular to the removed strain (b-d).
The buckles generated in the substrate are visible in part (d) K. Efimenko, J. Genzer, unpublished results.
perceived as a sign of ageing. So it is the aesthetic value of wrinkles that causes so much attention. However, the visual effects caused by wrinkles may not always be so troublesome. In fact, one may think of several examples where wrinkles are used to visualize various physical phenomena. For instance, wrinkles generated by a cell crawling on a soft substrate (see Fig. 16a and b) have been used as a quantitative means of envisaging forces generated during cell locomotion. 77, 78 Shearinduced wrinkling of polymerized vesicles (see Fig. 16c and d) 79 can be used to determine the bending stiffness of the membrane, a critical parameter in determining the robustness of these vesicles as they move through capillaries. Yet another example involves chemothermomechanical wrinkling patterns in thin metal catalysts (see Fig. 16e and f), which are caused by coupling between catalytic and thermal action during surface chemical reaction. 80 Based on these few examples, one may conclude that visual appearance of wrinkles is not always that bad; in many instances wrinkling/ buckling can reveal a great deal of interesting and important information about the system behavior. After all, consider also the Chinese Shar-Pei (see Fig. 16g )-although heavily wrinkled, the Shar-Pei is one of the most beloved pets.
Conclusions
The aim of this review was to provide only a brief summary of an interesting material phenomenon: wrinkling or buckling in sheets. We note that we have completely omitted other important mechanical instabilities occurring in sheets, such as folding, crumpling, or tearing. [81] [82] [83] [84] [85] [86] [87] We hope that this brief and broad overview demonstrated that there is a plethora of interesting science and many applications that rely on wrinkling or buckling in thin sheets. While in some cases wrinkling may not always be appreciated (i.e., wrinkling in human skin), in other situations wrinkles can help to study and comprehend various physical phenomena (i.e., system instabilities), guide assembly of materials, fabrication of various functional devices (i.e., optical gratings, stamps for microcontact printing, channels for microfluidic devices), and in other instances also assist in measuring material properties that would otherwise be very hard to establish (i.e., modulus in thin films). It is our hope that this brief account will stimulate additional exciting work on wrinkles and buckles. In fact, here is a little experiment you, the reader, can do immediately. Pour some scalded milk (milk heated almost to boiling) or cocoa into a cup and watch the milk-skin (or cocoa-skin) develop on the surface. § As you blow cold air into the cup, you will see wrinkles dancing on top of the cooled liquid. Maybe watching these winkles tangoing will bring about some new exciting ''buckling inspiration''…
